The cholesterol-fed rabbit is useful for atherosclerosis research. We describe development of a low-magnesium (Mg) cholesterol-containing diet to accelerate atherosclerosis in this model. Male New Zealand White rabbits were fed either chow or one of four atherogenic diets: 1% cholesterol 10% fat 0.11% Mg, 1% cholesterol 10% fat 0.40% Mg, 2% cholesterol 20% fat 0.11% Mg, or 2% cholesterol 20% fat 0.40% Mg. While feed intake decreased in cholesterol-fed rabbits, they were able to maintain their body weights. Rabbits consuming cholesterol experienced profound hypercholesterolemia and tissue lipid accumulation, with plasma cholesterol levels above 1500 mg/dl for all groups at the completion of the study. Liver and spleen lipid content and liver cholesterol content also increased. Aortic arch atheroma thickness was greatest in 1% cholesterol 10% fat 0.11% Mg animals. Tissue Mg levels decreased in cholesterol-fed animals compared to chow-fed controls, despite equal or greater serum Mg levels. Our results indicate that the 1% cholesterol 10% fat 0.11% Mg diet was optimal at promoting hypercholesterolemia and atherosclerosis while minimizing health complications for the animals. The low Mg cholesterol diet will be useful to other biomedical researchers interested in utilizing the rabbit for cardiovascular disease research.
Introduction
Cardiovascular Disease (CVD) remains a major public health burden and a leading cause of death worldwide (Roger et al., 2011) . A gradual, silent pathological process known as atherosclerosis underpins the progression of CVD. Our current understanding suggests that an immune response to ectopic low-density lipoprotein (LDL) deposits in the blood vessel wall drives the formation and development of atherosclerotic plaques (Hansson & Hermansson, 2011) . Rupture of these plaques is manifested in cardiovascular events including myocardial infarction and stroke.
Animal models have proven critical in advancing our understanding of atherosclerosis. Numerous animal models have been used, including monkeys, pigs, rabbits, hamsters, and genetically modified mice. Among these, rabbits are the most well established and have been in use since the early 1900s (Finking & Hanke, 1997) . Rabbits are highly sensitive to dietary cholesterol and develop severe hypercholesterolemia and atherosclerosis when it is introduced into their diets. While cholesterol feeding is sufficient for development of atherosclerotic lesions in rabbits, it requires studies of prolonged duration. Animal housing, feeding, and other per diem costs are expensive, and it is highly advantageous for funding agencies and biomedical researchers alike to generate results in the least possible time.
Adjustment of the composition of the rabbit diet could yield an acceleration of atherosclerosis. In addition to cholesterol, magnesium (Mg) is another dietary component that can be adjusted to more rapidly effect atherosclerosis. Mg intake is inversely correlated with risk of CVD and CVD-related mortality in humans (Song & Liu, 2012) , and atherosclerosis is reduced in cholesterol-fed rabbits supplemented with Mg (Ouchi et al., 1990) . We hypothesized that a reduction in dietary Mg would lead to rapid development of hypercholesterolemia and atherosclerosis in rabbits. We previously published a preliminary report of our animal model development (King et al., 2009 ). Here we present an expanded description of development of the low Mg atherosclerotic diet for rabbits.
Materials and Methods

Animals and Diets
Four-month-old male New Zealand White rabbits (Myrtle's Rabbitry, Thompson's Station, TN) with initial body weights between 3.05-3.75 kg were housed individually in standard caging with stainless steel mesh bottom at normal temperature and light cycles. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Illinois at Urbana-Champaign.
After an acclimation period of one week on standard chow diet (2031 Global High Fiber Rabbit Diet, Harlan ® Teklad, Indianapolis, IN), rabbits (n=2-16 per group per timepoint) were fed either chow or one of four semi-purified pelleted atherogenic diets (TestDiet ® , Richmond, IN): 1% cholesterol 10% fat 0.11% Mg (5TZB), 1% cholesterol 10% fat 0.40% Mg (5TZD), 2% cholesterol 20% fat 0.11% Mg (5TSV), or 2% cholesterol, 20% fat, 0.40% Mg (5TSW). The complete nutritional composition of the diets is provided in Table 1 . A small amount of soybean oil was included in the diets to prevent essential fatty acid deficiency. Rabbits were gradually introduced to the atherogenic diets over ten days by replacing 10% of the chow with atherogenic diet each day until the rabbits were consuming only the atherogenic diet on the tenth day. Rabbits were randomly assigned to diets, offered between 140-300 g of feed daily depending on feed intake and provided with tap or deionized water ad libitum. Apple slices or sugar water was provided as necessary to encourage feed intake. Animals that did not consume feed for 72 hours or more were excluded from data analysis. Feed intake was measured daily, fresh feed was also provided daily and body weights were measured weekly. Samples of each diet were analyzed by an independent laboratory (Waters Agricultural Laboratories, Camilla, GA) to verify protein, fat, fiber and Mg content.
Blood samples were obtained at regular timepoints throughout the study via the saphenous or jugular veins while under restraint. Sodium heparin was used to prevent clotting for blood plasma isolation. Blood was then centrifuged at 1380xg and room temperature for 10 minutes and plasma was aliquotted and frozen at -70°C. The pelleted cellular fraction left after removal of plasma was washed with 0.9% saline and centrifuged at 150xg for 10 minutes. The supernatant was discarded and this procedure was repeated twice until the supernatant was colorless. The cellular fraction, containing red blood cells (RBCs), was then frozen at -70°C.
After consuming their respective diets for eight weeks, animals were euthanized by CO 2 asphyxiation under anesthesia. Aortas, livers, spleens, hearts, and skeletal muscle tissue (abdominal or leg) were removed. Aortas were fixed in formalin, and livers, spleens, hearts, and skeletal muscle tissue were frozen at -20 or -70°C until analysis. Liver lipid extraction was performed using a modified Folch method as previously described (Smith et al., 2012) . 
Cholesterol and vWF
Plasma and liver total cholesterol was measured using an enzymatic colorimetric kit (Wako, Richmond, VA) according to the manufacturer's instructions, with samples plated in triplicate and human control sera (Wako) used as internal controls in each assay. The Coefficient of Variation (CV) was calculated using the equation
CV=(Standard Deviation/Mean) x 100
(1) Intra-assay CVs were 8.3% for rabbit samples and 9.9% for control sera, and the inter-assay CV for human control sera was 10%, indicating that the assay was consistently precise. vWF was measured by sandwich ELISA in triplicate as previously described (Smith et al., 2012) . The average intra-assay CV was 5.1%.
Histology
Formalin-fixed 3 µm transverse sections of the aortic arch were stained with H & E and evaluated by a board-certified pathologist blinded to the experimental conditions as previously described (Smith et al., 2012) . Atheroma thickness was measured at the thickest point in the aortic arch using an ocular micrometer (Olympus America Inc., Center Valley, PA). An atherosclerosis score was defined between 0 and 5 using the American Heart Association classification scheme for human atherosclerotic lesions (Kumar et al., 2004) 
Mg Analysis
Serum Mg levels were determined on a clinical diagnostic machine (Veterinary Diagnostic Laboratory, College 
Statistical Analysis
Statistical analysis was conducted in SAS 9.3 for Windows, and graphs were created in SigmaPlot 12.0 for Windows. Comparisons between two groups were conducted with an independent samples T-test. Normality was assessed using a Shapiro-Wilk test in the univariate procedure of SAS, and homogeneity of variances was confirmed within the T-test procedure. Data that did not meet the assumptions of the T-test were analyzed using the Wilcoxon rank sum test. Comparisons among three or more groups were made using one-way analysis of variance (ANOVA) with a Tukey's test for multiple comparisons within the general linear models procedure. For ANOVA testing, normality was determined as described above, and homogeneity of variances was determined using a Brown-Forsythe test. Data that did not meet the normality assumption of the one-way ANOVA were analyzed using the non-parametric Kruskal-Wallis test followed by a Dunn's test for multiple comparisons. Analyses of serial measurements (feed intake, body weights, plasma cholesterol, plasma vWF, serum Mg and red blood cell Mg) were performed using a repeated measures analysis of covariance (ANOCOVA) in the mixed models or general linear mixed models procedures of SAS. Timepoint and diet were used as the major fixed effects, and baseline measurements were used as a covariate. When significant differences among groups within timepoints were noted, multiple comparisons were then performed using estimate statements based on the least squares means, followed by Bonferroni adjustment for multiplicity. Normality was assessed as described above.
The covariance structure of repeated measures data was assessed both graphically and quantitatively and an appropriate covariance model was fit. The threshold for declaring statistical significance was set at p<0.05.
Results
Feed Intake, Body Weights and Animal Health
Feed intake significantly decreased after three weeks for all animals consuming cholesterol, and this decrease persisted until the end of the study (p<0.05 by mixed models repeated measures ANOCOVA, Figure 1A ).While body weights differed among groups within the first three weeks of the study (p<0.05 by mixed models repeated measures ANOCOVA, Figure 1B ), this significance was not sustained in the subsequent five weeks, and animals were able to maintain their body weights despite reduced feed intake. An additional dataset was generated by calculating the change in body weight (final-initial) for each animal in the study. There were no significant differences in change in body weight after the eight weeks of the study among the five diet groups (p>0.05 by one-way ANOVA with Tukey's test for multiple comparisons). Incidence of anorexia (defined as complete lack of feed intake for 72 hours or more) was 50% in animals fed 2% cholesterol 20% fat 0.11% Mg, 25% in animals fed 1% cholesterol 10% fat 0.40% Mg, 13% in animals fed 2% cholesterol 20% fat 0.40% Mg and 12% in animals fed 1% cholesterol 10% fat 0.11% Mg. Anorexic animals were excluded from data analysis, which reduced the number of timepoints with available data for the 2% cholesterol 20% fat groups. Incidence of jaundice, as assessed by visual yellowing of ears, skin or eyes, was 30% in the 1% cholesterol 10% fat 0.40% Mg group, 25% in animals fed 2% cholesterol 20% fat 0.40% Mg and 12% in animals fed 1% cholesterol 10% fat 0.11% Mg. No jaundice was observed in animals fed 2% cholesterol 20% fat 0.11% Mg. Premature death was noted in 3% of the total animals (2/58 rabbits) in the 1% cholesterol 10% fat 0.11% Mg group. Timepoint 0 indicates a baseline measurement prior to initiation of the atherogenic diet. Rabbits were gradually introduced to the atherogenic diets over ten days by replacing 10% of the chow with atherogenic diet each day until the rabbits were consuming only the atherogenic diet on the tenth day. The week 1 timepoint begins on the tenth day and represents the first week rabbits were exclusively consuming the atherogenic diet. Feed intake was measured daily and body weights were measured weekly. Bars are SEM. Data were analyzed using a mixed models repeated measures ANOCOVA adjusted for baseline measurements, and multiple comparisons within timepoints among diet groups were performed using least squares means estimate statements with Bonferroni adjustment for multiplicity. Means not sharing a letter are significantly different at the p<0.05 level, and sample sizes are provided in parentheses. Mg, magnesium.
Plasma Cholesterol and vWF
Plasma cholesterol levels in chow-fed animals averaged 21 mg/dl during the study, but increased significantly in all animals consuming cholesterol ( Figure 2A ). Animals in the 2% cholesterol 20% fat 0.40% Mg group experienced the most rapid elevation in plasma cholesterol levels, reaching an average of 1597 mg/dl by week 6. By 8 weeks all animals in the 1% cholesterol 10% fat groups also had similar plasma cholesterol levels, averaging 1719 mg/dl in the 0.11% Mg animals and 1690 mg/dl in the 0.40% Mg animals. vWF levels were not significantly different at baseline among the three groups, but increased in the two cholesterol-fed groups during the study (p<0.05 by mixed models repeated measures ANOCOVA, Figure 2B ). After 8 weeks on their respective diets, vWF averaged 4200 ng/ml in chow-fed animals, 8400 ng/ml in animals fed 1% cholesterol 10% fat 0.11% Mg, and 13 000 ng/ml in animals fed 1% cholesterol 10% fat 0.40% Mg. Blood plasma was isolated, and total cholesterol levels were determined by enzymatic colorimetric kit (n=3-16 per group per timepoint). von Willebrand Factor (vWF) levels were determined for the chow, 1/10/0.1 and 1/10/0.4 groups using a sandwich ELISA (n=3-11 per group per timepoint). Bars are SEM. Data were analyzed using a mixed models repeated measures ANOCOVA on log transformed data and adjusted for baseline measurements, and multiple comparisons within timepoints among diet groups were performed using least squares means estimate statements with Bonferroni adjustment for multiplicity. Means not sharing a letter are significantly different at the p<0.05 level, and sample sizes are provided in parentheses.
Liver and Spleen Lipids and Liver Cholesterol
At termination of the study, cholesterol accumulation in livers of both 0.11% Mg and 0.40% Mg-fed rabbits was significantly greater than chow-fed controls (p<0.01 by one-way ANOVA with Tukey's test for multiple comparisons), averaging 2.6 mg/g in chow-fed animals, 5.1 mg/g in animals fed 1% cholesterol 10% fat 0.11% Mg, and 4.6 mg/g in animals fed 1% cholesterol 10% fat 0.40% Mg ( Figure 3A ). Lipid accumulation in livers of both 0.11% Mg and 0.40% Mg-fed rabbits was also significantly greater than chow-fed controls (p<0.05 by one-way ANOVA with Tukey's test), averaging 60 mg/g in chow-fed animals, 250 mg/g in animals fed 1% cholesterol 10% fat 0.11% Mg, and 240 mg/g in animals fed 1% cholesterol 10% fat 0.40% Mg ( Figure 3B ). Lipid accumulation in spleens of both 0.11% Mg and 0.40% Mg-fed rabbits was significantly greater than chow-fed controls (p<0.05 by one-way ANOVA with Tukey's test), averaging 32 mg/g in chow-fed animals, 130 mg/g in animals fed 1% cholesterol 10% fat 0.11% Mg, and 120 mg/g in animals fed 1% cholesterol 10% fat 0.40% Mg ( Figure 3C ). 
Histology
H & E stained sections from rabbits after 8 weeks on the atherogenic diets showed thick atheromas containing abundant foam cells engorged with lipid ( Figure 4A and 4B). Aortic arch atheroma thickness averaged 360 µm in animals fed 1% cholesterol 10% fat 0.11% Mg and 270 µm in animals fed 1% cholesterol 10% fat 0.40% Mg (p=0.17 by two-way independent samples t-test, Figure 4C ). No atheromas were noted in chow-fed animals. Atherosclerosis scores for sections of the aortic arch were not significantly different between the two diet groups evaluated (p<0.85 by two-sided Wilcoxon rank sum test), averaging 3.5 in animals fed 1% cholesterol 10% fat 0.11 and 3.3 in animals fed 1% cholesterol 10% fat 0.40% Mg ( Figure 4D ). 
Magnesium
Serum Mg did not differ between the chow-fed animals and 1% cholesterol 10% fat 0.11% Mg animals at any timepoint ( Figure 5A ). Serum Mg was significantly elevated in animals fed 1% cholesterol 10% fat 0.40% Mg between 1-5 weeks on the diet, reaching 2.6 mg/dl after one week, and then decreased to chow-fed levels in the final weeks of the study, averaging 2.1 mg/dl after eight weeks. RBC Mg decreased in all animals, and was significantly lower than chow-fed animals during weeks 2-7 of the study for the 1% cholesterol 10% fat 0.1% Mg animals, and during weeks 5-7 of the study for the 1% cholesterol 10% fat 0.40% Mg group (p<0.05 by mixed models repeated measures ANOCOVA). After 8 weeks, chow fed animals averaged 0.025 mg/ml, animals fed 1% cholesterol 10% fat 0.1% Mg averaged 0.021 mg/ml, and animals fed 1% cholesterol 10% fat 0.40% Mg averaged 0.020 mg/ml ( Figure 5B ). Cardiac Mg levels after 8 weeks were highest in chow-fed animals at 0.31 mg/g and significantly lower in both cholesterol-fed groups, with animals fed 1% cholesterol 10% fat 0.1% Mg averaging 0.17 mg/g and animals fed 1% cholesterol 10% fat 0.40% Mg averaging 0.15 mg/g (p<0.05 by Kruskal-Wallis test with Dunn's test for multiple comparisons, Figure 5C ). Levels of Mg in skeletal muscle showed a similar pattern, with 0.31 mg/g in chow-fed animals, 0.21 mg/g in animals fed 1% cholesterol 10% fat 0.11% Mg and 0.22 mg/g in animals fed 1% cholesterol 10% fat 0.40% Mg (p<0.05 for both cholesterol-fed groups vs. chow by one-way ANOVA with Tukey's test, Figure 5D ). 
Discussion
In biomedical research, animal models of disease are frequently used as a platform to evaluate novel technologies or therapeutic applications. It is advantageous to provide a relevant disease model that requires a short disease development period. Here we described an improved atherogenic diet design for rabbits utilizing low dietary Mg. The diet was optimized to elevate serum cholesterol and initiate the atherosclerotic process while minimizing side effects such as jaundice and anorexia. Our results indicate that the atherogenic diet rapidly elevated blood cholesterol levels, which is a key stimulus of atherosclerosis. Evidence of atherosclerosis was also demonstrated by evaluation of H & E stained aortic arch sections. Animals in the 0.11% Mg group displayed greater aortic arch atheroma thickness than 0.40% Mg-fed animals, and while this was not statistically significant, we suspect that continuation of dietary consumption for 1-2 additional weeks would lead to a greater difference between these groups. A small number of animals (2) in the 0.11% Mg group died prematurely, and thus we would recommend including an additional 5-10% of animals above the required sample size to account for any loss of animals. This is typical of most animal models of disease.
Although the 2% cholesterol 20% fat diets elevated plasma cholesterol most rapidly, these rabbits also experienced a high incidence of adverse health effects including lack of appetite and jaundice. No jaundice was observed in animals fed 2% cholesterol 20% fat 0.11% Mg, but this may have been due to lack of feed intake or early euthanasia. Thus, we do not recommend 2% cholesterol 20% fat diets for rabbits for ethical and physiological reasons. The health complications are an important aspect of the results in this study, as this information is generally absent from similar publications. This work contributes to a more comprehensive understanding of the physiology of the cholesterol-fed rabbit that will prove important to other groups interested in utilizing this model.
The observation that low Mg status accelerates atherosclerosis suggests that Mg may be involved in regulating the health of the cardiovascular system. Mg is an abundant intracellular cation and is critical for bioenergetic reactions including ATP hydrolysis and protein phosphorylation. Dietary Mg may operate to reduce risk of CVD by decreasing inflammation, improving endothelial function and vascular smooth muscle tone, and preventing hypertension (Song & Liu, 2012 ). An inverse correlation between Mg intake in food and water and risk of CVD has been consistently observed (Nielsen, 2010) .
Serum Mg was elevated in rabbits consuming 0.40% Mg, which is expected given their higher dietary Mg intake. Interestingly, cardiac and skeletal muscle Mg levels in cholesterol-fed rabbits were lower than in chow-fed controls, even for rabbits fed 0.40% Mg, which is over twice the 0.19% present in chow. It has been previously suggested that diet-induced hypercholesterolemia leads to loss of Mg from tissues, generating a functional Mg deficiency and accelerating atherosclerosis (Altura et al., 1990) . Our results support this hypothesis, and also highlight the important point that serum Mg levels may not reflect true cellular, physiological and functional Mg status (Reinhart, 1988) .
We also chose to measure vWF, a biomarker of endothelial damage, using our in-house validated assay (Smith et al., 2010) . vWF is produced in and secreted from vascular endothelial cells and is involved in platelet plug formation for wound healing (Sadler, 1998) . Elevated circulating vWF predicts development of coronary artery disease in healthy subjects, and also predicts risk of myocardial infarction in patients with existing atherosclerosis (Spiel et al., 2008) . We expected vWF to be elevated in cholesterol-fed rabbits. vWF levels were variable in this study but were generally higher in rabbits consuming cholesterol.
The rabbit is one of several animal models used to study atherosclerosis. Others include genetically modified mice (Getz & Reardon, 2006) , rats (Herrera & Ruiz-Opazo, 2005) , monkeys (Ross & Harker, 1976) , pigs (Koskinas et al., 2010) , guinea pigs (Fernandez & Volek, 2006) , hamsters (Russell & Proctor, 2006) and gerbils (Nicolosi et al., 1981) . Rabbits have certain advantages that allow them to remain a useful model. Their size, intermediate between pigs and rodents, provides the researcher with larger organs and blood vessels while remaining practical to handle. Like humans, cholesterol-fed rabbits carry most blood cholesterol in LDL (Smith et al., 2012) , as opposed to many genetically modified mouse models in which very low-density lipoprotein (VLDL) is the primary blood lipoprotein fraction.
Conclusion
In conclusion, we evaluated atherogenic diets with varying amounts of cholesterol, fat and Mg. The 1% cholesterol 10% fat 0.11% Mg diet was optimal, generating plasma cholesterol levels above 1000 mg/dl in only 5 weeks and the greatest aortic arch atheroma thickness while minimizing health complications for the animals. Reducing dietary Mg below chow levels, even by only 0.08% w/w, was a means of accelerating atherosclerosis. This acceleration of atherosclerosis maximizes cost-efficiency and rapidly delivers results. The phenotypic data www.ccsenet.org/jfr Journal of Food Research Vol. 2, No. 1; 2013 presented here will be useful for researchers using the cholesterol-fed rabbit model to study CVD.
